INTRODUCTION
============

Acute kidney injury (AKI) is commonly encountered in intensive care unit (ICU) patients and is associated with increased morbidity and mortality. Incidence of AKI in critically ill patients is around 5.7% of which almost 50% have sepsis and septic shock.^[@B1]^ Acute kidney injury is a syndrome with multiple etiologies occurring at different clinical settings. Therefore, it is of utmost importance to achieve early diagnosis of AKI; and once diagnosed, it should be promptly evaluated and treated, especially attention should be paid toward reversible causes of AKI. Acute kidney injury can be classified based on the causative factor into intrinsic renal, prerenal and postrenal AKI. Prerenal causes contribute to majority of community-acquired cases of AKI.^[@B2]^

In case of prerenal AKI, fluid resuscitation is the gold standard, but if this resuscitation continues beyond the correction of hypovolemia, then it is associated with increased morbidity, mortality, and length of hospital stay as well as increased risk of AKI.^[@B3],[@B4]^ Several observational studies have demonstrated a correlation between fluid overload and mortality in critically ill patients with acute respiratory distress syndrome, acute lung injury, sepsis, and AKI.^[@B5],[@B6]^ Prowle et al., in a systematic review of 24 perioperative studies on goal-directed fluid therapy (GDT), concluded that GDT was associated with lower risk of postoperative AKI.^[@B7]^ In yet another prospective, observational, multicenter study conducted by Wang et al., of 2,526 patients admitted in 30 ICUs, 1,172 developed AKI during the first 3 days. The mortality was significantly higher in AKI group compared to non-AKI group (25.7% v/s 10.1%, *p* \< 0.001). They also concluded that fluid overload was significantly higher in the AKI group and was an independent risk factor for AKI (odds ratio, OR 4.508, 95% confidence interval, CI 2.9--7.01, *p* \< 0.001), and it also increased the severity of AKI. They also showed that the cumulative fluid balance during the first 3 days was an independent risk factor for 28-day mortality.^[@B4]^ To understand why fluid overload can lead to the development of AKI and other organ dysfunction, we need to understand some basic physiology.

FLUID MOVEMENT ACROSS CAPILLARY ENDOTHELIUM
===========================================

Movement of fluid between vascular and interstitial compartment is regulated by balance between capillary hydrostatic pressure and plasma oncotic pressure in health. Under normal conditions, balance between these forces results in net flux of fluid to the interstitium known as capillary filtration according to Starling equation which states the following:
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where *Q* is transcapillary filtration volume/second, *P*~cap~ is capillary hydrostatic pressure, *P*~int~ is interstitial hydrostatic pressure, π~p~ is plasma oncotic pressure, π~int~ is interstitial oncotic pressure, *L*~p~ is hydraulic conductivity of membrane, *S* is the surface area for filtration, and *σ* is Staverman\'s reflection coefficient.

The resultant accumulation of fluid in interstitial space is removed by lymphatics. During inflammation or conditions that alter capillary membrane permeability, there is resultant excess fluid in interstitial space, commonly referred to as interstitial edema. Increased capillary hydrostatic pressure, reduced plasma oncotic pressure, and increased capillary permeability have the potential to increase fluid filtration across capillary membrane and thus lead to edema formation.

ENDOTHELIAL GLYCOCALYX LAYER
============================

The endothelial glycocalyx (EGL) is a carbohydrate-rich layer that coats the endothelial surface of vascular endothelium with average thickness of about 2 μm (0.2--8 μm). This layer plays a major role in net transcapillary filtration and after understanding its role the Starling equation has been modified as:
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where π~g~ represents subglycocalyx oncotic pressure.

Many factors damage EGL such as inflammatory cytokines, hyperglycemia, atrial natriuretic peptide (ANP), and ischemia--reperfusion injury. Abnormal blood shear stress as may occur in hypervolemia is also shown to increase glycocalyx shedding.^[@B8]^ Rapid administration of fluid in healthy volunteers resulted in elevated plasma levels of hyaluronic acid, suggestive of damage to EGL and, therefore, can be injurious.^[@B9]^

PROTECTION AGAINST EDEMA FORMATION
==================================

While there are factors that increase capillary transmembrane shift of fluid, there are number of safety factors that prevent accumulation of fluid and thus avoid edema formation. Increase in interstitial fluid hydrostatic pressure due to excess fluid filtration, reductions in microvascular surface area for exchange (as may occur with arteriolar vasoconstriction), or increases in lymph flow can limit edema formation. As venous pressure increases, the volume of blood within postcapillary venules, larger venules, and veins increases, and these bulge into the extravascular compartment, thereby raising tissue pressure and thus decreasing fluid shift to interstitium.

In healthy individuals, this margin of safety against edema formation is provided upto venous pressure of around 15 mm Hg, which was first demonstrated in 1932 by Krogh and coworkers.^[@B10]^ Only when venous hypertension exceeds these levels, does gross edema form. However, with other factors such as increased capillary permeability and hypoproteinemia (common in critically ill patients), this margin of safety may be much less.

RATIONALE FOR FLUID THERAPY IN THE SETTING OF ACUTE KIDNEY INJURY
=================================================================

Traditionally, every protocol dealing with hemodynamically unstable patients advocates fluid therapy to restore basic physiological parameters, such as blood pressure, central venous pressure (CVP), and urine output (UO), as these parameters can be readily measured at bedside. Early and adequate fluid resuscitation to stabilize sepsis-induced hypoperfusion is an essential part of hemodynamic resuscitation in the management of these patients. Surviving sepsis campaign recommends initial fluid bolus of 30 mL/kg for these patients.^[@B11]^ With common belief that UO is poor man\'s cardiac output monitor, chasing UO is a very frequent phenomenon across multiple clinical settings. In critically ill patients, hypovolemia and hypoperfusion are believed to be major causative factors for AKI. Prolonged renal hypoperfusion also leads to tubular injury, especially the tubule segments of outer medulla, as the renal tubules have limited capacity to use anaerobic metabolism. Aggressive fluid therapy is aimed at reversing renal ischemia, diluting nephrotoxic substances, and preventing tubular obstruction due to casts. Traditionally fluids are the mainstay of treatment, whenever the patient develops oliguria or hypotension. In the presence of absolute or relative hypovolemia, adequate fluid resuscitation is necessary to achieve adequate cardiac output, and renal perfusion in patients with shock.

AKI AND REDUCED RENAL BLOOD FLOW
================================

The reduced renal blood flow (RBF) is considered central to the pathogenesis of septic AKI and fluid therapy. However, contrary to this common belief, experimental data in animal models have shown development of AKI in the presence of renal vasodilation and marked increase in RBF.^[@B12],[@B13]^ Thus, the relationship between volume status and UO is weak, and the administration of intravenous fluid to maintain UO would lead to significant salt and water accumulation in many cases.

PATHOPHYSIOLOGY OF HYPERVOLEMIA
===============================

Fluid overload leads to endothelial dysfunction due to inflammation and ischemia--reperfusion injury, causing damage to glycocalyx and capillary leakage. Capillary leakage leads to interstitial edema and at the same time, due to significant loss of volume to interstitial compartment, there is reduction in circulating intravascular volume. This may then lead to reduction in renal perfusion pressure and subsequently to AKI.

Also, interstitial edema leads to impairment in diffusion of oxygen and metabolites from capillaries to tissues. Interstitial edema increases tissue pressure and leads to obstruction of lymphatic drainage and disturbance in cell-to-cell interaction, which will lead to progressive organ failure. Kidney\'s ability to accommodate increasing hydrostatic interstitial pressures is limited due to renal capsule, and thus all these effects are more prominently seen in kidney. They cause renal congestion, reduction in renal perfusion and glomerular filtration, and subsequently lead to AKI development.^[@B14]^

Fluid overload is also known to cause distension of atria and stretching of vessel walls, causing release of ANP, which further leads to EGL damage, and cascade leads to AKI ([Flowchart 1](#FL1){ref-type="fig"}).

HYPERVOLEMIA, INTRA-ABDOMINAL HYPERTENSION AND ITS EFFECTS on KIDNEY
====================================================================

Massive fluid resuscitation and positive fluid balance are known risk factors for intra-abdominal hypertension (IAH) development.^[@B15]^ Intra-abdominal pressure (IAP) in normal adults ranges from 4 to 7 mm Hg. The IAH is defined as sustained or repeated pathologic elevation of IAP to \>12 mm Hg. Sustained elevation of IAP of \>20 mm Hg is associated with new organ dysfunction. Studies have shown that IAH is an independent risk factor for AKI development.^[@B16],[@B17]^ Elevated IAP leads to compression of intra-abdominal vessels causing compromised microvascular blood flow and increased renal venous congestion. This results in impaired renal plasma flow and decreased glomerular filtration rate, causing AKI. Association between raised IAP and renal blood flow was shown way back in 1947. In their study on healthy human volunteers, Bradley et al. showed that when IAP was increased to 20 mm Hg, the effective renal plasma flow dropped by 24.4%. Also all the volunteers became oliguric with an average reduction in urine flow of 57.4%.^[@B18]^ As IAP approaches IAH, the renal vein pressures increase, giving rise to intrarenal vascular congestion, which may possibly lead to AKI.^[@B19]^ With further rise in IAP, as it approached nearer the levels of abdominal compartment syndrome, additional factors, such as drop in cardiac output and elevated levels of catecholamine, renin, angiotensin, and other inflammatory cytokines, may further worsen renal function.^[@B20]--[@B22]^

Fluid overload can also be the cause of sepsis, which will be an additional contributor toward AKI development. Fluid overload, giving rise to bowel wall edema, leads to impaired gut barrier function and bacterial translocation, which are known to be the major sources of endogenous sepsis. Acute kidney injury is known to be an immunocompromised state and is also associated with cytokine release, insulin resistance, and oxidative stress.^[@B23]^ This further contributes to sepsis.
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Finally, there is a good physiological rationale and increasing evidence that positive fluid balance is associated with higher incidence of AKI. But it is difficult to say whether AKI is a result of excess fluid therapy or hypervolemia is the result of AKI. In addition, organ cross talk may also play a role in AKI in critical illness; where AKI and edema may be part of critical illness. Patients with severe sepsis tend to have more damage to the EGL, more leaky capillaries, and thus, tend to develop both fluid overload and AKI, following fluid administration.

Fluids should be considered as drugs and should be used judiciously. Accurate assessment of intravascular fluid status, looking for fluid responsiveness, and planning individual targets should be followed in order to improve patient outcomes.
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